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Abstract. Pulsars are known to be efficient accelerators that produce copious amounts of relativistic
particles and inject them into the Galactic medium. The radiation emitted by such a pulsar wind can
be seen from radio through γ-rays as a pulsar-wind nebula (PWN). Here we overview and summarize
recent progress in X-ray and TeV observations of PWNe.
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Along with supernovae and microquasars, pulsars are among the primary sources of
the leptonic cosmic rays. The energies of the pulsar wind electrons and positrons range
from ∼<1 GeV to ∼1 PeV, placing their synchrotron and inverse Compton (IC) emis-
sion into radio-X-ray and GeV-TeV bands, respectively. This multiwavelength emission
can be seen as a pulsar-wind nebula (PWN; see [1] and [2] for reviews). During the
last decade, observations with modern X-ray and TeV observatories have dramatically
increased the number of known PWNe whose properties are summarized in this review.
As of December 2009, about 60 PWNe associated with known radio or γ-ray pulsars
have been detected. We have compiled the properties of these PWNe and their host
pulsars in Tables 1 and 2. In most cases we have reanalyzed the X-ray PWN properties
to ensure the uniformity of the analysis. The luminosities, spectral slopes, and sizes of
the TeV PWNe have been taken from publications as well as from recent conference
presentations. Because of the page limit, we mainly discuss the luminosities and, very
briefly, spectra and sizes of these PWNe.
We see from Table 2 that the TeV PWN sizes generally increase with pulsar age
while the X-ray PWN sizes1 show an opposite trend. Moreover, for pulsars older than
∼ 10 kyr the sizes of the TeV PWNe are typically 100–1000 times larger than the sizes
of the X-ray PWNe, while the difference is only a factor of a few for some younger
pulsars (e.g., Crab). This suggests that the aged and cooled electrons (mainly seen
through their synchrotron emission in radio and IC emission in TeV) have propagated,
through advection and/or diffusion, farther away from the pulsar than the recently
injected electrons, responsible for the X-ray synchrotron nebulae. While comparing the
X-ray and TeV PWNe, one should take into account that larger numbers of electrons
have been produced earlier in the pulsar’s life (the electron production rate ∝ E˙(t) ∝
E˙0(1+ t/τ0)−(n+1)/(n−1), where n is the pulsar’s braking index and τ0 is the initial spin-
1 Here, while referring to X-ray PWN size, spectrum, or luminosity, we only consider the bright PWN
“core” restricted to the torus/arcs regions or the “bullet” in ram pressure confined PWNe (see [2]).
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TABLE 1. Pulsars with X-ray and/or TeV PWNe
# PSR PWN∗ VHE src.† log E˙
[erg/s]
logτ
[yr]
d∗∗
kpc
Rad./Hα/GeV
‡
1 J0537–6910 N157B ... 38.68 3.70 50 Y/N/N
2 B0531+21 Crab H J0534+220 38.66 3.09 2 Y/N/Y
3 J2022+3842 G76.9+1.0 ... 38.30 3.95 8 Y/N/N
4 B0540–69 N158A ... 38.17 3.22 50 Y/N/N
5 J1813–1749 G12.82–0.02 H J1813–178? 37.83 3.66 4.5 N/N/P
6 J1400–6325 G310.6–1.6 ... 37.71 4.10 6 Y/N/N
7 J1833–1034 G21.50–0.89 H J1833–105 37.52 3.69 4.8 Y/N/Y
8 J0205+6449 3C 58 ... 37.43 3.73 3.2 Y/N/Y
9 J2229+6114 G106.65+2.96 V J2228+609 37.35 4.02 3 Y/N/Y
10 B1509–58 Jellyfish H J1514–591 37.25 3.19 5 P/N/N
11 J1617–5055 G332.50–0.28 H J1616-508? 37.20 3.91 6.5 N/N/P
12 J1124–5916 G292.04+1.75 ... 37.07 3.46 6 Y/N/Y
13 J1930+1852 G54.10+0.27 V J1930+188 37.06 3.46 6.2 Y/N/N
14 J1420–6048 G313.54+0.23 H J1420–607 37.02 4.11 5.6 P/N/N
15 J1846–0258 Kes 75 H J1846–029 36.91 2.86 6?? Y/N/N
16 B0833–45 Vela H J0835–455 36.84 4.05 0.29p Y/N/N
17 J1811–1925 G11.18–0.35 ... 36.81 4.37 5 Y/N/N
18 J1838–0655 G25.24–0.19 H J1837–069 36.74 4.36 7 N/N/N
19 J1418–6058 Rabbit H J1418–609 36.69 4.00 3? Y/N/Y
20 J1856+0245 G36.01+0.06? H J1857+026 36.66 4.32 9 N/N/N
21 B1951+32 G68.77+2.82 ... 36.57 5.03 2.5 Y/Y/Y
22 J1826–1256 Eel ... 36.55 4.15 7? P/N/Y
23 J2021+3651 G75.23+0.12 M J2019+37? 36.53 4.23 4 N/N/Y
24 B1706–44 G343.10–2.69 H J1708–443 36.53 4.24 2 Y/N/Y
25 J1357–6429 G309.92–2.51 H J1357–645 36.49 3.86 2.5 P/N/N
26 J1913+1011 G44.48–0.17? H J1912+101 36.46 5.23 4.5 N/N/N
27 J1907+0602 G40.16–0.89? H J1908+063? 36.45 4.28 3.2 N/N/Y
28 B1823–13 G18.00–0.69 H J1825–137 36.45 4.33 4 N/N/N
29 B1757–24 Duck ... 36.41 4.19 5 Y/N/N
30 J1016–5857 G284.08–1.88 ... 36.41 4.32 3 N/N/N
31 J1747–2958 Mouse ... 36.40 4.41 5 Y/N/Y
32 J1119–6127 G292.15–0.54 H J1119–615? 36.37 3.21 8.4 N/N/N
33 B1800–21 G8.40+0.15 H J1804–216? 36.34 4.20 4 N/N/P
34 B1046–58 G287.42+0.58 ... 36.30 4.31 3 N/N/Y
35 J1809–1917 G11.09+0.08 H J1809–193 36.25 4.71 3.5 P/N/N
36 J1301–6305 G304.10–0.24 H J1303–631? 36.22 4.04 7 N/N/N
37 J1718–3825 G348.95–0.43 H J1718–385? 36.11 4.95 4 N/N/Y
38 J1531-5610 G323.89+0.03 ... 35.96 4.99 3 N/N/N
39 J1509–5850 G319.97–0.62 ... 35.71 5.19 4 P/N/Y
40 J1857+0143 G35.17–0.57? H J1858+020? 35.65 4.85 5.5 N/N/N
41 J0007+7303 CTA1 ... 35.65 4.15 1.4 N/N/Y
42 B1853+01 G34.56-0.50 ... 35.63 4.31 3 Y/N/N
43 J1809-2332 Taz ... 35.60 4.36 2 Y/N/N
44 J1958+2846 G65.89–0.37? M J1954+28 35.58 4.32 2? N/N/Y
45 J1702–4128 G344.74+0.12 H J1702–420? 35.53 4.74 5 N/N/N
46 J0729–1448 G230.39–1.42 ... 35.45 4.54 4 N/N/N
47 J2032+4127 G80.22+1.02 He J2032+4130 35.43 5.04 1.7 N/N/Y
48 J1740+1000 G34.01+20.27 ... 35.36 5.06 1.4 N/N/N
TABLE 1. Pulsars with X-ray and/or TeV PWNe (continued)
# PSR PWN∗ VHE src.† log E˙
[erg/s]
logτ
[yr]
d∗∗
kpc
Rad./Hα/GeV
‡
49 J0631+1036 G201.22+0.45? M J0630+10? 35.24 4.64 3.6 N/N/Y
50 B1957+20 G59.20–4.70 ... 35.20 9.18 2.5 N/Y/N
51 J0633+0632 G205.10–0.93 ... 35.08 4.77 1.5? N/N/Y
52 J1740-3015 G358.29+0.24? H J1741–302 34.91 4.31 3 N/N/N
53 J0538+2817 G179.72–1.69 ... 34.69 5.79 1.47p N/N/N
54 B0355+54 Mushroom ... 34.66 5.75 1.04p N/N/N
55 J0633+1746 Geminga M J0632+17? 34.51 5.53 0.25p N/N/Y
56 J1745–3040 G358.55–0.96? H 1745–305? 33.93 5.74 2 N/N/N
57 J1502–5828 G319.39+0.13? H J1503–582? 33.68 5.46 8 N/N/N
58 B1929+10 G47.38–3.88 ... 33.59 6.49 0.36p P/N/N
59 B2224+65 Guitar ... 33.07 6.05 1.5 N/Y/N
∗ PWN name or galactic coordinates. The superscript ? mark the cases in which no X-ray PWN has been
reported, but there are TeV PWN candidates nearby.
† TeV sources in the vicinity of the PSR/PWN. ‘H’, ‘V’, ‘M’ and ‘He’ stand for HESS, VERITAS,
Milagro and HEGRA. The superscript ? marks questionable associations.
∗∗ Our best guess for the pulsar distance, used to scale the distance-dependent parameters in Table 2. The
superscript p marks the distances determined from parallax measurements; the most uncertain distances
(e.g., when even dispersion measure is unknown) are marked by ?. For Kes 75 the distance (marked by
??) is rather uncertain, ranging from 5.1–7.5 kpc ([3]) to ∼ 10.6 kpc ([4]).
‡ Is the PWN detected in radio/Hα , and PSR/PWN in GeV γ-rays? P = ‘possibly’.
down timescale; e.g., [1]). This picture is further complicated by environmental effects
and pulsar motion. For instance, the ambient pressure that confines a slowly-moving
PWN, is much greater in a star-forming region than in low-density regions above the
Galactic plane; high-speed pulsars are accompanied by long tails with higher bulk flow
velocities compared to more isotropic PWNe around slowly-moving pulsars; pressure
gradients inside a supernova remnant or interaction with its reverse shock can affect
the PWN shape. In addition, the ambient radio/IR radiation density may vary and affect
the properties of the IC radiation emitted by the pulsar wind. In many cases, significant
offsets between the centroid of the extended TeV source and the neighboring pulsar’s
position may be attributed to the interaction with the asymmetric reverse shock or to a
locally non-uniform distribution of the ambient matter/radiation. The large sizes of these
TeV sources and the large offsets may sometimes lead to false associations with pulsars,
especially if there is no preferential extension of the X-ray PWN toward the TeV source
center.
The X-ray and TeV spectra of PWNe are often approximated by power-law (PL)
models with different slopes. If the electron spectral energy distribution (SED) can be
approximated by a single PL, dN(ε) ∝ ε−pdε , then both the synchrotron (X-ray) and
IC (TeV) spectra should have the same slopes, Fν ∝ ν−Γ+1, where the photon index
Γ = (p+1)/2. However, one can see from Table 2 that the spectra of X-ray PWNe are
systematically harder than those of their TeV counterparts, which can be attributed to the
evolution of the electron SED. Indeed, Chandra observations of bright, well-resolved
PWNe have shown that the synchrotron spectrum varies significantly with the distance
from the pulsar (due to the radiation and expansion energy losses), and therefore a single
PL approximation to the X-ray spectrum becomes inapplicable if a large enough volume
TABLE 2. Properties of the X-ray/TeV PWNe listed in Table 1
# NH,22∗ logLX†
[erg/s]
ΓX logLγ ∗∗
[erg/s]
Γγ ‡ lX §
pc
lγ ¶
pc
∆‖
arcmin
Refs.††
1 0.5 36.04±0.01 2.20±0.05 ... ... 1.4 ... ... [5]
2 0.32 37.28±0.01 2.12±0.01 34.51±0.06 2.63±0.20 1.2 < 2 < 0.5 [6, 7, 8]
3 1.3 32.58±0.12 0.9±0.5 ... ... 0.4 ... ... [9]
4 0.46 37.01±0.01 1.85±0.10 ... ... 1.4 ... ... [10]
5 10 32.90±0.25 0.4+0.4−0.7 34.34±0.14 2.09±0.21 2.0 6 < 0.5 [11, 12, 13]
6 2.1 34.99±0.04 1.83±0.09 ... ... 2.3 ... ... [14]
7 2.3 35.36±0.01 1.89±0.02 33.63±0.12 2.08±0.22 1.0 < 5 < 1 [15, 16]
8 0.43 33.94±0.01 2.02±0.01 ... ... 1.2 ... ... [17]
9 0.5 32.94±0.01 1.3±0.1 33.63±0.20 2.3±0.4 0.4 26 24 [18, 19]
10 0.8 34.60±0.03 1.65±0.05 34.86±0.12 2.27±0.2 4.5 24 2.4 [20, 21]
11 3.5 33.79±0.02 1.2±0.2 34.78±0.06 2.35±0.21 0.6 60 10 [22, 12]
12 0.37 34.71±0.03 1.7±0.5 ... ... 0.2 ... ... [23]
13 1.9 34.46±0.01 1.99±0.03 33.88±0.20 2.3±0.4 1.5 < 11 < 3 [24, 19]
14 5.4 33.15±0.11 0.5±1.2 34.60±0.07 2.17±0.12 0.4 11 3.3 [25, 26]
15 4.0 35.19±0.02 2.03±0.02 33.87±0.09 2.26±0.15 2.8 < 6 < 1 [27]
16 0.02 32.11±0.03 1.4±0.1 32.14±0.22 1.45±0.22? 0.1 5 30 [28, 29, 30]
17 3.1 34.00±0.09 1.5±0.2 ... ... 1.0 ... ... [31]
18 4.0 33.47±0.14 0.8±0.3 34.91±0.18 2.27±0.21 2.0 28 3 [32, 12]
19 2.3 33.55±0.02 1.7±0.1 33.91±0.07 2.22±0.12 1.5 8 3.5 [25, 26]
20 ∼< 2 ... ... 35.16±0.11 2.39±0.08 1.7 40 6 [33, 34]
21 0.34 32.62±0.01 1.76±0.03 ... ... 0.4 ... ... [35, 36]
22 2.0 32.41±0.05 1.27±0.40 ... ... 0.3 ... ... [37]
23 0.7 33.08±0.07 1.7±0.3 33.09±0.50 [2.6] 0.8 < 140 18 [38, 39]
24 0.5 32.58±0.02 1.8±0.1 33.87±0.13 2.00±0.22 0.2 23 14 [40, 41]
25 0.23 31.70±0.07 1.28±0.21 33.77±0.20 2.2±0.2 0.1 20 8 [42]
26 ∼< 2 < 31.22 ... 34.19±0.19 2.7±3.6 ... 60 12 [43]
27 ∼< 2 ... ... 34.22±0.22 2.10±0.21 ... 37 16 [44]
28 1.0 32.50±0.05 1.3±0.4 35.05±0.10 2.26±0.2? 0.2 70 10 [45, 46, 47]
29 4.4 33.20±0.14 2.5±0.3 ... ... 0.5 ... ... [48]
30 [1.2] 32.30±0.11 1.5±0.2 ... ... 0.1 ... ... [49]
31 3.0 34.70±0.05 2.0±0.2 ... ... 0.5 ... ... [50]
32 1.6 33.00±0.10 1.5±0.3 34.20±0.30 > 2.2 0.5 30 6 [51, 52]
33 1.4 32.20±0.05 1.6±0.3 34.30±0.08 2.72±0.21 0.2 58 10 [53, 54, 12]
34 [0.4] 31.82±0.04 1.0±0.2 ... ... 0.2 ... ... [55]
35 0.7 32.59±0.03 1.4±0.1 34.29±0.11 2.20±0.22 0.2 40 8 [56, 57]
36 [1.1] 32.16±0.50 ... 34.76±0.08 2.44±0.21 2.0 39 11 [58]
37 0.7 32.60±0.10 1.9±0.2 33.74±0.30 0.7±0.6? 2.0 7 3 [59, 57]
38 ∼< 2 31.03±0.5 ... ... ... 0.1 ... ... ...
39 2.1 32.12±0.13 1.8±0.3 ... ... 0.4 ... ... [60]
40 ∼< 2 ... ... 33.82±0.25 2.17±0.23 ... < 13 ... [34]
41 [0.3] 31.38±0.20 1.1±0.6 ... ... 0.1 ... ... [61]
42 2.0 31.93±0.13 2.1±1.0 ... ... 0.4 ... ... [62]
43 0.3 31.54±0.30 1.5±0.6 ... ... 0.3 ... ... ...
44 ∼< 1 ... ... 32.00±0.50 [2.6] ... ... < 40 [39]
45 [1.1] 31.60±0.50 ... 34.30±0.11 2.31±0.23 0.2 50 30 [12]
46 [0.3] 31.20±0.50 ... ... ... 0.05 ... ... ...
47 [1.5] 31.53±0.10 [1.5] 32.97±0.09 1.9±0.3 0.5 6 4 [63, 64, 65]
48 [0.1] 31.11±0.10 1.5±0.3 ... ... 0.8 ... ... [60]
TABLE 2. Properties of the X-ray/TeV PWNe listed in Table 1
# NH,22 ∗ logLX†
[erg/s]
ΓX logLγ∗∗
[erg/s]
Γγ‡ lX§
pc
lγ ¶
pc
∆‖
arcmin
Refs.††
49 ∼< 0.6 < 31.15 ... 32.64±0.50 [2.6] ... < 180 ... [39, 66]
50 0.1 30.81±0.18 1.6±0.5 ... ... 0.1 ... ... [67]
51 ∼< 0.04 ... ... ... ... 1.5 ... ... [68]
52 ∼< 1.5 ... ... 32.82±0.15 2.78±0.31 ... 22 12 [69]
53 0.25 31.04±0.10 3.3±0.5 ... ... 0.2 ... ... [70, 71]
54 0.6 31.19±0.03 1.5±0.1 ... ... 0.1 ... ... [72]
55 0.03 29.71±0.07 1.0±0.2 30.22±0.50 [2.6] 0.02 10 < 30 [73, 39]
56 ∼< 1.3 < 31 ... ∼ 33.01 1.82±0.35 ... 6 7 [69]
57 ∼< 2 ... ... 34.66±0.60 2.4±0.44 ... 70 ... [69]
58 0.17 29.63±0.01 1.7±0.6 ... ... 0.05 ... ... [74]
59 0.2 29.5±0.5 [1.5] ... ... 0.07 ... ... [75]
∗ Hydrogen column density (in units of 1022 cm−2) obtained from spectral fits to the PWN spectra or estimated
from the pulsar’s dispersion measure assuming 10% interstellar medium ionization (in square brackets for the
latter case). In a few cases upper limits are given based on the galactic HI column density.
† Logarithm of PWN luminosity in the 0.5–8 keV band. The quoted errors are purely statistical, they do not
include the distance errors. For bright PWNe (e.g., ## 2, 8, 16), we quote the luminosity of the PWN “core”
restricted to the torus/arcs regions. For the PWNe with extended tails (## 39, 42, 48, 53, 54, 55, 58) we quote
only the luminosity of the bright “bullet” component. For ## 36, 45 and 46, faint extended emission is seen
around the pulsar but its luminosity is very uncertain; we use ±0.50 dex as a conservative estimate for the
uncertainty.
∗∗ Logarithm of PWN (or candidate) luminosity in the 1–10 TeV band.
‡ Photon index of TeV spectrum determined from a power-law model. The fits are not good (e.g., an exponential
cutoff is required or the spectral slope is nonuniform) in the cases marked by the superscript ?. The values in
square brackets were assumed for estimating Lγ .
§ Size of X-ray PWN “core” in which the PWN X-ray properties listed in this table were measured.
¶ Size of TeV source. If the source is unresolved, we quote the upper limit on lγ .
‖ Offset between the X-ray and TeV components.
†† The PWN/PSR X-ray properties listed here were measured by ourselves (except for ## 2, 5, 6, 10, 37, 47,
49 and 51), but we cite recent relevant papers when available.
around the pulsar is considered. Also, the IC spectrum may deviate from a PL at large
energies due to the intrinsic upper boundary of the electron SED, or due to the cooling
effects. In addition to the spectral differences caused by the cooling and boundary
effects, one should keep in mind that while the intensity of the synchrotron component
depends on the magnetic field strength, the IC intensity depends on the ambient radiation
density instead. Therefore, there is no reason to expect direct proportionality between
the X-ray and TeV fluxes of a particular PWN, and indeed we see little correlation
between the X-ray and TeV luminosities (Fig. 1, panel A). Yet, the X-rays, observed
from the innermost PWN region, and TeV γ-rays, produced throughout the entire PWN
volume, can be related in a model that takes into account the pulsar wind history (e.g.,
the evolution of E˙ and the PWN size), its spatially varying properties, and local radiation
density. While measured from spatially different regions of a PWN, the X-ray and TeV
luminosities in Table 2 still can be used to test such models as long as the observed
values are compared with the model values calculated for appropriate PWN zones and
time intervals. There have been a number of analytical models that take into account
either the spatial dependence (e.g., [76, 77]) or time-dependence (e.g., [78, 79]) of the
PWN properties but rarely both ([80]).
FIGURE 1. (A) Filled circles are X-ray (red) and TeV (blue) detected PWNe or PWN candidates. Larger
circle sizes correspond to higher luminosities. The small black dots denote the pulsars from the ATNF
catalog ([81]). (B) Ratio of the TeV to X-ray luminosities vs. pulsar’s spin-down age. Here and in panel C
the thin error bars mark questionable associations. (C) TeV luminosities of PWNe and PWN candidates
vs. pulsar’s E˙. The blue error bars mark TeV objects without X-ray counterparts. Here and in panel D the
luminosity uncertainties include 50% systematic uncertainty assigned to the distances unless the pulsar
is in LMC or its parallax has been measured. (D) X-ray luminosities of PWNe vs. E˙. The red error bars
denote X-ray PWNe with TeV counterparts. The lines of constant radiative efficiency (η ≡ LX ,γ/E˙) are
plotted in panels C and D.
In panels C and D of Figure 1 we show the dependences of the luminosities LX and Lγ
on E˙. As expected, we do not see an obvious correlation between Lγ and E˙, which
likely reflects the fact that the TeV luminosity depends on the history of the pulsar
spin-down rather than on the current E˙. An additional scatter is expected due to the
differences in the local IR background and the uncertain distances. Most of the 1–10
TeV luminosities cluster in the range of 1033–1035 erg s−1, a much narrower span than
that attained by the X-ray luminosities shown in another panel. The LX versus E˙ plot
does show some correlation between the two; however, the more objects are included the
larger the scatter becomes, weakening the correlation. It seems very unlikely that a factor
of 104 scatter at a given E˙ could be explained by varying environment (e.g., ambient
pressure) or differences in pulsar velocities. Some “hidden” pulsar parameters (e.g., the
angle between the rotation and magnetic axis, or the topology of the NS magnetic field)
may instead govern the efficiency of the magnetic-to-kinetic energy conversion and, as
a result, the X-ray efficiencies of PWNe (see also [2]). In Figure 1 (panel B) we also
plot the distance-independent Lγ/LX as a function of spin-down age τ , which shows a
hint of positive correlation between the two, at younger ages. This correlation can be
explained by the correlation between LX and E˙ (hence the anti-correlation between LX
and τ). These results are in general agreement with the recent findings of [82] based on
a smaller sample of PWNe. At logτ ∼> 4.5 the dependence of Lγ/LX on τ appears to
level off as expected from the simple model of [82]. This trend, however, shows a large
scatter, which might be attributed to the magnetic and radiation fields being different for
different objects.
To conclude, multiwavelength observations of PWNe are crucial because they provide
identifications for VHE sources and reveal the true energetics and composition of pulsar
winds. In addition to X-ray and TeV observations, there is an opportunity to detect the
IC PWN component with Fermi in GeV, where even old objects are expected to exhibit
uncooled IC spectrum which should be more directly linked to the radio synchrotron
component. The data accumulation must be complemented by development of multi-
zone models of PWN evolution, essential for understanding the role of pulsar winds in
seeding the Galaxy with energetic particles and magnetic fields.
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